The storage of hydrogen in materials has received a significant amount of attention in recent years because this approach is widely thought to be one of the most promising solutions to the problem of storing hydrogen for use as an alternative energy carrier in a safe, compact and affordable form.
Introduction
The storage of hydrogen in a compact, safe and affordable form is considered to be one of the technical barriers currently preventing its widespread adoption as an alternative energy carrier, primarily in fuel cell cars. Most of the current demonstration vehicles, and those now being delivered to the first customers, use compressed hydrogen in pressurised vessels 1 but this approach has limitations in terms of the volumetric and gravimetric storage densities that can be achieved at practical pressures. Another alternative, liquid hydrogen storage, requires low temperatures around 20 K and has now largely been abandoned, 2 although it has been seriously considered in the past, most notably by BMW AG (Munich, Germany). 3 One of the main reasons for the move away from pure liquid H 2 storage is the occurrence of boil-off, which results in the loss of hydrogen from the tank with time, after a limited dormancy period. The use of low temperature storage tanks is also rather expensive because of the required insulation. 2 One of the most promising solutions is thought to be solid state hydrogen storage [4] [5] [6] and this topic has thus attracted a vast amount of attention. Fig. 1 , for example, shows the increase in the annual number of publications on hydrogen storage materials since 1991. In the rush to find and report new breakthroughs in this field, however, there have been a number of high profile cases in which erroneous or irreproducible data have been published. This has led the hydrogen storage material research community down a number of expensive and time-consuming blind alleys. Meanwhile, questions surrounding reproducibility and the replication of results, the cornerstone of science, 7, 8 in a diverse range of research fields have been attracting an ever-increasing amount of attention. A number of recent articles and editorials, for example, in prominent journals have focused on this issue, the field of social psychology, gave examples of initiatives in biology, psychology and computer science, amongst others, aimed at the replication of research. 22 A large scale replication study in the field of psychology was published in Science the following year, as part of one such initiative, 23 and an interesting discussion of the issues in biomedical research -many of which have wider implications -can be found in a report from a recent UK Academy of Medical Sciences symposium. 24 Efforts to address the amount of irreproducible data in the scientific literature therefore seem to be gaining momentum. The problems that have occurred in hydrogen storage material research, which is itself interdisciplinary, involving materials scientists, physicists, chemists and chemical engineers, provide another practical illustration of the ease with which irreproducible data can creep into the literature. In this article, we therefore provide an overview of these problems, with three main aims. Firstly, to provide an informative overview for both existing researchers and newcomers to the field; secondly, to offer a cautionary tale in order to help reduce the likelihood of further errors occurring in the future; and, thirdly, to provide a case study that will hopefully contribute constructively to the recent literature on the irreproducibility of data and problems regarding the replication of research.
We begin by emphasising the importance of reproducibility. We then provide an introduction to potential hydrogen storage materials and hydrogen sorption measurement techniques. In the following section, we describe some of the instances of irreproducibility that have occurred in hydrogen storage material research. We then discuss recent attempts to investigate and address the problems, and the reasons that lie behind them, before concluding by considering potential solutions and proposing a way forward for the future.
The importance of reproducibility
As noted above, reproducibility and the replication of results is a cornerstone of science. The use of experiment has a long history 25 but various events and developments, including the long-running debate between Boyle and Hobbes in the 17th century, 26 have led to widespread acceptance of the central role that the independent experimental testing of results plays in science. The ability of scientists to replicate the results of others has thus become a guiding principle of the scientific endeavour. 27 It would be difficult to express this more clearly than Sir Karl Popper, who wrote in The Logic of Scientific Discovery, 28 that:
''Only when certain events recur in accordance with rules or regularities, as is the case with repeatable experiments, can our Fig. 1 A plot of the annual number of publications on hydrogen storage materials since 1991, determined using the search terms 'hydrogen storage', 'hydrogen adsorption' and 'hydrogen absorption. ' observations be tested -in principle -by anyone. We do not take even our own observations quite seriously, or accept them as scientific observations, until we have repeated and tested them. Only by such repetitions can we convince ourselves that we are not dealing with a mere isolated 'coincidence', but with events which, on account of their regularity and reproducibility, are in principle inter-subjectively testable.' ' and, ''Thus I may be utterly convinced of the truth of a statement; certain of the evidence of my perceptions; overwhelmed by the intensity of my experience; every doubt may seem to me absurd. But does this afford the slightest reason for science to accept my statement? Can any statement be justified by the fact that K. R. P. is utterly convinced of its truth? The answer is 'No'; and any other answer would be incompatible with the idea of scientific objectivity.''
He later reiterated the point that ''non-reproducible single occurrences are of no significance to science.'' Unfortunately, however, there has been a tendency in recent years to undervalue the replication of previously reported results, in favour of the publication of attention-grabbing data; despite the fact that if any of these results later turn out to be, in the words of Popper, ''non-reproducible single occurrences'' then they ''are of no significance to science.'' In light of the above, in this article we shall look in more detail at problems with the reproducibility of some of the research into hydrogen storage materials.
Potential hydrogen storage materials
Potential hydrogen storage materials can be classified according to the type of binding involved in the hydrogen sorption process. 2 The different types thus include interstitial metal hydrides, 29, 30 complex hydrides, [31] [32] [33] salt-like metal hydrides 34 and nanoporous adsorbents. [35] [36] [37] [38] [39] [40] [41] Interstitial metal hydrides include those formed from elemental metals, such as PdH x and TiH 2 , and AB 5 , AB 2 and AB intermetallic compounds, where A and B are hydrideforming and non-hydride-forming elements, respectively. 29, 30, 42 The gravimetric hydrogen storage capacities of most elemental metals are rather low, approximately 0.6 wt% for PdH x , for example. TiH 2 has a higher capacity (B4 wt%), but its decomposition temperature is 4770 K, which is too high for mobile storage applications. Some intermetallic compounds, such as LaNi 5 48 The volumetric capacities of nanoporous adsorbents are relatively low, in comparison to hydrides, and their gravimetric capacities at ambient temperature do not generally exceed 2 wt% even at 20 MPa; however, they have some significant advantages such as rapid kinetics and the full reversibility of the H 2 adsorption and desorption process. 49, 50 Research in recent years has focussed on the use of new compounds and nanoporous materials for hydrogen storage, but also on improving the hydrogen storage properties of each of these material types using different methods. A prime example is the use of nanoconfinement to prepare nanocrystals that can be stabilised in porous scaffolds. This can alter the kinetics and thermodynamics of the interaction of hydrogen with different metal or complex hydrides. 33, 51 An important part of this work involves the accurate characterisation of the hydrogen sorption properties of each material, using one of a number of techniques that we will now describe.
Hydrogen sorption measurement
The amount of hydrogen absorbed or adsorbed by a material can be quantitatively determined using a number of techniques. They can be broadly separated into three categories: volumetric or manometric, gravimetric, and temperature-programmed desorption. Details of these methods can be found elsewhere 6 but we will briefly summarise the principles below. Volumetric or manometric measurements typically involve the determination of hydrogen uptake by measuring the drop in pressure in a system of a fixed, known volume and applying appropriate molar balance expressions using the real gas law. This approach is also known as Sieverts' method. It is susceptible to a range of errors including those originating from poorly calibrated internal volumes, leaks in the apparatus, poor temperature control or stability, inaccurate pressure measurement, and the accumulative errors associated with isotherm determination using multiple gas doses. 52 Furthermore, the sample size must be large enough when making measurements in a system of a given volume. 53 Instruments that implement this technique are commercially available, but it is important not to treat them as ''black boxes'' due to the errors that are inherent to this measurement type. A variation, which, to the best of our knowledge, is not currently available commercially, is the differential volumetric technique. 54, 55 This approach exploits the higher accuracy of differential pressure transducers compared to their absolute counterparts, and involves charging two arms of the apparatus, one containing the sample and the other containing a non-interacting ''dummy'' material of matching volume. The pressure differential between the arms then provides a measure of the amount of hydrogen adsorbed or absorbed by the material. Gravimetric measurements typically involve the use of a microbalance to determine hydrogen uptake by measuring the weight change of a sample exposed to different pressures of H 2 gas. This technique is also susceptible to a range of errors, which can originate from instability of the microbalance and the sorption of gas phase impurities that will result in a larger weight signal per mole than H 2 itself. Furthermore, the raw weight data must be carefully corrected for buoyancy effects that change as a function of pressure, although it is worth noting that the equivalent in the volumetric or manometric case are the dead volume corrections that are necessary to account for the presence of the sample in the sample cell. In the gravimetric case, the sample size is limited by both the capacity and resolution of the microbalance; in practice, the latter is defined by the long term stability of the weight signal in the instrument, including both random variations, as a function of time, and drift. Gravimetric instruments are also available commercially and, again, should not be treated as ''black boxes''. A cruder approach to gravimetric measurement is to simply measure the change in weight of an isolated sample cell at the chosen hydrogen pressure. 56 Temperature-Programmed Desorption (TPD), or Thermal Desorption Spectroscopy (TDS), involves the application of a temperature ramp to a sample that has previously been exposed to H 2 , and the detection of the amount of hydrogen subsequently desorbed from the material, typically using a quadrupole mass spectrometer. [57] [58] [59] The quantification of the amount of hydrogen desorbed, in this case, requires calibration of the mass spectrometer signal. Errors can be introduced into the measurement by inaccurate calibration, but one of the key advantages of TPD or TDS is the small sample size that can be used. This is only limited, in principle, by the sensitivity of the mass spectrometer signal in any given system. A practical limitation is the amount of sample that can be weighed and handled with sufficient accuracy; however, measurements have been reported on small samples of the order of milligrams. [57] [58] [59] Other approaches to temperature-programmed measurements are also possible, including Thermogravimetric Analysis (TGA) type experiments, the determination of the pressure increase in a closed system following the application of a temperature ramp, and the use of a mass flow meter to measure the quantity of desorbed hydrogen.
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Irreproducibility in hydrogen storage material research
Nanostructured carbons
In the late 1990s, a number of reports of impressive hydrogen storage capacities for carbon nanostructures appeared in the literature. Firstly, in 1997, it was claimed that single-walled carbon nanotubes have a potential hydrogen storage capacity at ambient temperature of 5-10 wt%. 61 This was a spectacular result that caused much excitement because it offered the promise of solving the hydrogen storage problem. To put this figure in context, the US Department of Energy (DOE) had recently set hydrogen storage targets, which included a gravimetric hydrogen storage capacity of 6.5 wt%. 62 The paper therefore suggested that nanotubes could represent a major breakthrough. However, there were problems with the data, to the extent that the reported results could not be reproduced or, rather, the high reported capacities could not be independently confirmed. The figure of 5-10 wt% was the result of a rather questionable extrapolation because the sample itself was not pure. It consisted of an estimated 0.1-0.2 wt% of single-walled carbon nanotubes, the rest being uncharacterised soot and Co nanoparticles. The data presented in support of their conclusion were TPD spectra, and it was assumed that the desorbed hydrogen was stored only on the nanotubes, which constituted a very small proportion of the entire sample. Any contribution from the Co nanoparticles was also discounted. Other reports then rapidly followed and this led to what Harris described, in his 2009 book on carbon nanotubes, 63 as ''the most controversial episode in nanotube science.'' Amongst the subsequent work, a collaborative research project funded by the Federal Ministry for Education and Research in Germany, the BMBF, aimed at reproducing these results. The conclusion was that the uptake of hydrogen by single-walled carbon nanotubes was instead less than 1 wt% at ambient temperature. 64 In 1998, an even more spectacular result was published. 65 The claim was that carbon nanofibres, which are closely related to multi-walled carbon nanotubes, could store up to B67 wt% of hydrogen at ambient temperature, but other groups were unable to reproduce this incredible figure. [66] [67] [68] In this case, the problems appear to be due mainly to a lack of care taken in the performance of the hydrogen sorption measurements, which were made volumetrically. In their report, Chambers et al.
validated their measurements using a number of metal hydrides. However, given the erroneous nature of the main carbon nanofibre results, it is notable that the sorption data reported for the hydrides were themselves inaccurate. For example, they reported an uptake of 2.07 wt% for Pd, which is known to have a hydrogen storage capacity of less than 0.6 wt%, 3 and an uptake for 
View Article Online

Boron nitride nanotubes
In the following decade, a series of other results in the hydrogen storage literature were also found to be irreproducible, although it is worth noting that none of these attracted quite as much attention. In 2002, an uptake of 4.2 wt% at 10 MPa and ambient temperature by ''collapsed'' Boron Nitride (BN) nanotubes was reported. 69 The measurements were performed gravimetrically.
It was later acknowledged, however, by the same authors, that the results were affected by the presence of Pt catalyst particles in the samples. 70 Later work has concluded that pure BN nanotubes are unlikely to be good hydrogen storage materials, with an uptake of 1.2 wt% at B3 MPa and 77 K being reported by Terao et al. 71 for a surface-modified sample.
Conducting polymers
Also in 2002, it was reported that HCl-treated conducting polymers, polyaniline and polypyrrole, could store 6-8 wt% of hydrogen at ambient temperature, but these results could also not be reproduced. 72 
Metal-Organic Frameworks
In 2003, the first report of hydrogen storage in Metal-Organic Frameworks appeared. 78 The uptake of MOF-5 (or IRMOF-1) was found to be 4.5 wt% at ambient pressure and 77 K; however, this was reduced to 1.3 wt%, under the same conditions, in a subsequent paper. 79 In this case, contaminated hydrogen was suspected as the cause of the problem, and the erroneous nature of the original result was also confirmed independently. 80 Later work revealed that significantly different uptakes are found for MOF-5 samples that have been synthesised and handled differently, 81 although we should emphasise that the initial result has not been reproduced.
Spillover
The latest chapter in this story involves a mechanism known as spillover, which is a well-documented, but poorly understood, phenomenon in heterogeneous catalysis. 82 It involves the dissociation of molecular hydrogen (H 2 ) on catalytically active particles and the subsequent migration of atomic hydrogen (H) on to a solid state support that would not otherwise adsorb or absorb H under the same conditions. In 2002, the first report of the use of spillover for hydrogen storage in carbons was published. 83 The storage capacity of multi-walled carbon nanotubes was reported to be below detection limits without a catalyst but increased to 0.6 wt% when a catalyst was present. Since then, Yang and various co-workers have published a series of papers on the use of this phenomenon to enhance the hydrogen storage properties of various nanoporous materials, including MOFs, Covalent Organic Frameworks (COFs) and zeolites. 84, 85 Large increases in the ambient temperature hydrogen storage capacity of materials using the spillover mechanism have been claimed. According to analysis of the literature by Luzan and Talyzin, 86 the increases have ranged from a factor of 1.5 to 10. This is also shown in Fig. 7 of Wang et al. 85 The reported isotherms are invariably linear up to a pressure of B10 MPa -see, for example, the various datasets presented in the review by Wang and Yang. 84 It has been claimed that this is a positive feature of hydrogen storage using spillover 84, 87 because it means that the use of higher pressures will result in higher hydrogen storage capacities; however, it is difficult to explain because some curvature should be expected at these pressures. Otherwise, the hydrogen storage capacity of a material would continue indefinitely with increasing pressure, which is physically unreasonable. Furthermore, the process is purported to be fully reversible at ambient temperature, which implies that no strong C-H bonds are formed. Amongst the many studies were two papers published in 2006. 87, 88 These are now highly cited and reported a significant increase in hydrogen uptake by MOFs that had been mixed with a commercial activated carbon/Pt catalyst with carbonised sucrose used to bridge the particles. 87, 88 Uptakes of up to 4 wt% at 10 MPa and ambient temperature were claimed. Other groups have tried to replicate these results; however, no enhancement was found and no spillover occurred within the experimental detection limit. 86, 89 Similarly, for doped carbon, no significant enhancement has been found by other authors.
90,91
The dispute has not yet been fully resolved, since no samples have been exchanged or measured in independent laboratories; however, independent investigation of the microscopic nature of the purported phenomenon in doped carbons using different techniques has found only a small amount of hydrogen uptake that can be attributed to the formation of water, surface hydroxyls, or C-H bonds in the vicinity of the noble metal particles. 92, 93 For example, room temperature hydrogen uptake at sub-ambient pressure by Pd-doped templated carbon was found by Ghimbeu et al. 94 to occur via both PdH x formation and the reduction of PdO to form Pd and water. No long-range hydrogen diffusion on the surface or technologically relevant hydrogen uptake has been found. 92 Furthermore, the enhanced room temperature uptake of hydrogen by a Pd-doped COF was attributed by Kalidindi et al. 95 to the hydrogenation of residual organic compounds present on the surface of the Pd nanoparticles. The lack of detailed microstructural characterisation of the samples in the studies by Yang and co-workers was emphasised by Luzan and Talyzin. 96 More specifically, the claimed ''bridging'' between catalytic particles and the host nanoporous material has not been practically demonstrated or evidenced using appropriate microscopic techniques. Unfortunately, the spillover story is not yet over. This can be seen, for example, in the uncritical support still being given to the idea in recent work. 97 However, we consider it to be yet another 
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Reproducibility studies
Compared to the extensive literature on hydrogen storage, in general, published studies on the reproducibility of results, in terms of the experimental investigation of hydrogen uptake by the same material in multiple laboratories, are relatively scarce. One of the earliest examples that we are aware of predates the controversy over hydrogen storage by carbon nanostructures, and followed the observation that there was considerable variation in the measured hydrogen sorption kinetics of hydriding alloys. 98 Data measured by seven different research groups in Japan showed considerable variation between the results obtained for the same material (LaNi 4.9 Al 0.1 ) under ostensibly the same conditions. It is worth noting, however, that this did not result in dramatically different predicted total uptakes (or storage capacities), although there was some variation, with the measured hydrogen-to-metal ratios ranging between 0.9 and 1.12. The reported single step kinetic measurements are not necessarily the most accurate way of determining total equilibrium uptakes so these errors of 420% are perhaps not quite as striking as they would be using more accurate approaches. It nevertheless provides an excellent illustration of the care that must be taken in measuring hydrogen uptake. As described above, following the initial reports of the high potential storage capacity of carbon nanotubes, a study was performed as part of a collaborative project funded by the BMBF, 64 which was unable to reproduce the earlier work.
Around the same time, Ansón et al. 99 also published a comparative study using three different techniques -two gas phase (volumetric and gravimetric) and one electrochemical -in three different laboratories on a single-walled carbon nanotube material that reached similar conclusions. This work reported good general agreement between the techniques, with a very low value of 0.01 wt% found at room temperature using the gas phase techniques; although higher values of 0.1-0.3 wt% were found electrochemically so a significant percentage error was still present. In 2005, Rzepka et al. 68 used three different gas phase techniques -two volumetric variants and one gravimetric -to investigate the uptake of hydrogen at room temperature by various carbon nanofibre samples, including six batches supplied by Rodriguez and Baker, two of the authors from the original 1998 publication. 65 Low uptakes, which were all below 0.4 wt%, were found using the two high accuracy approaches at pressures up to 14 MPa and ambient temperature. Two years later, in 2007, a comparative study of hydrogen adsorption by the nanoporous material MOF-177 was published, with good agreement found between data measured using different techniques (volumetric and gravimetric) in different laboratories. 48 In 2009, the first of two interlaboratory exercises performed as part of the European Commission's 6th Framework NESSHY (Novel Efficient Solid Storage for H 2 ) project was published. 100 This work examined the reproducibility of hydrogen adsorption measurements on the commercial carbon molecular sieve, Takeda CMS 4A, which was also used for a similar exercise related to the characterisation of its surface area and pore structure properties. 101 In contrast to the report of Furukawa et al., 48 which involved only two laboratories, the results in this first NESSHY report, involving 14 different European laboratories, showed a very significant variation. The data for both 77 K and ambient temperature are shown in Fig. 2 . The second study was published in 2013. 102 In this case, the interlaboratory exercise involved a MgH 2 -based material and 14 laboratories, mostly in Europe but also two in the US, one in China and one in Japan. The spread in the data was not as dramatic, but there was still a rather surprising variation for such a well-studied material. Some of the data are shown in Fig. 3 . It can be seen that the total reported uptakes, under essentially the same conditions, at two different temperatures, 553 K and 593 K, were 5.1-6.4 wt% and 5.3-6.6 wt%, respectively. This is a significant uncertainty for measurements made on a specific material from the same batch. Interestingly, this variation is of a similar magnitude to that reported by Wang and Suda. 98 It would seem likely that if similar materials were prepared by different groups, thus introducing subtle differences in both the preparation and handling of samples, then the spread in the resultant data could be even greater. It is worth noting that, in contrast to the kinetic study reported by Wang and Suda, 98 the equilibrium sorption measurement techniques used in the paper by Moretto et al. 102 are the conventional methods used in the field, 6 as described in Section 4. In addition, Moretto et al. 102 reported kinetic measurements that also showed significant variation.
The most recent addition to the literature is a multi-laboratory investigation published this year, 103 which reported H 2 adsorption measurements on two porous carbons and found much better agreement between datasets than the 2009 study by Zlotea et al.
100
The authors note that ''unlike Zlotea's effort, all of the participating laboratories involved have extensive experience and a thorough understanding of their instrument-specific measurement sensitivities for manometric hydrogen sorption capacity characterization.'' However, it is worth noting that one of the four participating laboratories reported a skeletal density of 3.686 g cm
À3
, which is greater than the literature value for diamond (B3.5 g cm À3 ), while another used the ideal gas law to represent the behaviour of H 2 up to 10.0 MPa, which might be expected to result in large measurement errors. 6, 52 Nevertheless, good agreement between the data in the study 103 was reported.
Reasons behind the problems
The reasons behind the irreproducibility of the data discussed above are most likely manifold. The susceptibility of hydrogen sorption measurements to a number of different sources of error 6, 52 is undoubtedly partly to blame. However, the sensitivity of hydrogen sorption measurements to differences between samples of essentially the same material has also played a significant role. The presence of impurities in samples, for example, which can interact chemically or physically with hydrogen in different ways under different conditions of temperature and pressure, can significantly affect the measured hydrogen uptake, or the conditions under which a particular material will adsorb or absorb hydrogen.
Methodological errors
Some of the erroneous data in the carbon nanotube story summarised above appear to be due to simple methodological errors in the hydrogen uptake measurements. Another prominent study, 104 for example, claimed uptakes of 14 and 20 wt%, for potassium and lithium-doped carbon nanotubes, respectively, but these high capacities were later shown to be most likely due to moisture contamination in the hydrogen supply. 105, 106 More specifically, the alkali salts used for doping transform into highly hygroscopic alkali oxides that will readily react with water. 107 The lesson learned in this case, therefore, was that the gas supply used in hydrogen sorption studies must always be of very high purity. 108 On the more general topic of the accuracy of the common characterisation techniques, a number of recent studies have investigated the practical issues relating to measurement error or uncertainty. In 2014, for example, papers were published that analysed the effects of measurement uncertainty 109 and inaccurate volume calibrations 110 on hydrogen uptake measurements performed manometrically (or volumetrically), which was one of the experimental approaches used in the NESSHY interlaboratory studies. This followed earlier work in which the sensitivity of results to the assumed or measured density of a material was investigated. 111 The key point in the latter case is that the errors increase with decreasing sample density. Carbon nanotubes and nanofibres, carbon molecular sieves and MOFs are all low density materials. It is also worth noting that errors associated with the density of samples can have a significant effect on high pressure gas adsorption measurements, in general, 112 so this could well be a more widespread problem.
Work has also been published on measurement uncertainties in gravimetric measurements. 113 It seems possible that any of the error or uncertainty sources addressed in the papers referenced above could have contributed to some of the erroneous data published previously in the literature, and that they could also 
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have played a role in the spread of the data found in some of the interlaboratory studies.
Sample purity
Sample purity can be affected by the presence of chemical impurities or different phases, for example, precipitates of differing structure and stoichiometry or amorphous regions in an otherwise crystalline material. Lattice imperfections, such as vacancies, dislocations and grain boundaries, can also alter the behaviour of crystalline materials, together with their crystallinity, which can vary from nanocrystalline to large single crystals, depending on the material and its preparation. Problems relating to sample purity are perhaps more difficult to treat in general terms and are unique to each case. The original single-walled carbon nanotube samples of Heben and co-workers, 61 for example, contained both uncharacterised soot and Co nanoparticles, both of which could interact with hydrogen. Later, the same group began sonicating their samples using a Ti alloy horn, which resulted in the deposition of the alloy onto the samples. The higher temperature peak in the hydrogen TPD spectra of the sonicated samples was later shown to be due to hydrogenation of the contaminant, rather than the nanotubes themselves. 64, 114 Differences observed in the uptakes of different MOF samples 81 are also essentially related to sample purity. In the case of MOF-5, this can involve framework interpenetration and the formation of Zn hydroxide species, for example, in the pore network. 115 Both of these can be considered another type of impurity. Significant differences between samples, in this case, can be assessed to a certain extent by measuring the N 2 BET areas of different samples. This is a common characterisation method for nanoporous materials 116 and is a key indicator of the amount of hydrogen they will adsorb. 36 The reported surface areas of different MOF-5 samples differ considerably. Hafizovic et al., 115 for example, report a range from 700 to 3400 m 2 g À1 . In contrast, the theoretical accessible surface area for H 2 of this material is 3882 m 2 g À1 .
117
The thermodynamics of the hydrogen absorption process in hydride-forming alloys and intermetallics are also very sensitive to the elemental composition of the host material. 6 This therefore provides another example of the potential effect that impurities can have on the hydrogen sorption properties of a material. Surface contamination, including poisoning or oxidation, is a further example. The surface state of a material was one of the important factors identified by Wang and Suda. 98 On a related note, the handling of air-sensitive samples is a crucial consideration in the study of complex hydrides for hydrogen storage. Errors relating to sample handling, in this case, can therefore not be ruled out.
'Publish or perish' and other pressures
Despite the sensitivity of hydrogen sorption measurements to error and differences between samples, there are clearly other factors at play too. The role of the current academic climate ('publish or perish') 118,119 can probably not be ignored. The perceived need to work in this manner does not encourage researchers to exhaust all obvious and likely sources of error before publishing data, and to perform further complementary measurements and checks, whenever appropriate; although, given the variation seen in the data from some of the recent interlaboratory exercises described above, it is almost certainly not sufficient in isolation to explain the problems because in the case of the interlaboratory studies there was presumably no rush to publish. The studies just needed to be performed and the results prepared for publication. Furthermore, this is certainly not unique to researchers working in hydrogen storage. Another possible culprit could be the pressure of competition. Solving the hydrogen storage problem by discovering a breakthrough material would certainly bring rich rewards and kudos but, again, this is not unique to hydrogen storage. Nevertheless, either of these pressures could potentially lead, for example, to wishful thinking and it does not seem to be too much of a stretch to implicate this as a possible reason behind some of the more optimistic, and ultimately irreproducible, results that have been reported.
Improving reproducibility in the future
The issue of reproducibility will always be present because it is an integral part of the scientific process. As Begley and Ioannidis 120 say: ''It is reasonable to expect that there will be some level of uncertainty and irreproducibility as investigators genuinely push the boundaries of current knowledge and extend into the unknown.'' However, it should be possible to reduce the amount of irreproducible data that appears in the literature by avoiding, for example, the repetition of straightforward methodological mistakes. Work carried out on measurement methodology is important in this respect. A recent US DOE project aimed to address this issue 121 and a book written by one of us covers the main experimental considerations in the accurate measurement of hydrogen sorption. 6 Increased vigilance by reviewers would also be welcome. Despite the problems we have documented above, data that are clearly erroneous can still be found in the recent literature. In a 2007 review, Thomas 108 noted that ''some of the early work on hydrogen adsorption on porous materials did not include enough information to confirm the validity of the measurements.'' This is a crucial point, and the more information provided by authors, the greater the likelihood that other researchers will be able to reproduce the results. In many fields [122] [123] [124] [125] there are stipulated sets of information that must be provided at a minimum, but no such list yet exists for hydrogen sorption measurements. It is therefore up to authors to decide what information to include and for editors and reviewers to assess whether any given manuscript contains enough detail. This situation is bound to result in inconsistencies. Furthermore, in some cases, the hydrogen sorption measurements may constitute only a small part of a manuscript that also includes synthesis, crystallographic structure determination or microstructural characterisation, computer simulations, gas adsorption characterisation, and so forth, and it is perhaps unreasonable to expect every 
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reviewer to possess expertise in each of these areas; although authors should anyway bear the brunt of the responsibility. In another review article, published the following year, Férey 126 noted with regard to hydrogen storage in MOFs that:
''. . .every published value, even unprecedented, must be taken with care and needs to be verified by other groups before becoming credible, using for instance round robin procedures, as is done in other disciplines prior to acceptance. . .For the future, there is an urgent need of normalization, with a complete set data including isotherms of adsorption (classical) and desorption (currently rare), gas capacity at high pressure (wt%; cm 3 however, it is notable that the erroneous figure of 4.5 wt%, at 77 K and 1 bar, still appears. The question of how many of the other tabulated values would be reproducible is an intriguing one, particularly as these materials are known to be so sensitive to synthesis, handling and activation conditions. It is also worth noting that work on the use of the spillover mechanism to enhance the hydrogen storage properties of MOFs was treated uncritically by Suh et al. 38 This review is already highly cited, so erroneous data continues to propagate through the literature. On a related note, the literature search reported in Fig. 1 However, the article was withdrawn due to duplication, rather than for the inclusion of problematic data. None of the other studies discussed in this article have been retracted, even though some of them contain results that are clearly irreproducible. In terms of sample purity, the microstructural characterisation of nanostructured and nanoporous materials is fraught with difficulties. 129 It is therefore important that materials are characterised as carefully as possible before conclusions on the material that the samples are purported to represent are drawn. The problems that have occurred previously with this issue should act as motivation for researchers to thoroughly characterise their samples and to carefully consider the effects that impurities could have on their hydrogen sorption properties. Standardisation of the measurement methods is another possibility, although this would be difficult to achieve effectively. Nonetheless, work is underway on this, with regard to adsorption measurement, at the National Institute of Standards and Technology (NIST) in the US. 130 Measurement guidelines, some of which have been proposed by one of us, 6 are another related option. However, a consensus would have to be reached and they would also need to be endorsed by an organisation such as the International Union of Pure and Applied Chemistry (IUPAC) to gain widespread acceptance. To be fully effective, they would also need the support of the editors and reviewers for the vast majority of journals that publish hydrogen sorption data. It is worth noting that if a list of such journals were to be compiled it would be rather long and would cross a number of different disciplines. More careful consideration of the physical plausibility of some of the more fanciful results in the carbon nanotube and nanofibre story would certainly have helped in that case. For example, the claimed 67 wt% uptake by carbon nanofibres corresponded to a hydrogen-to-carbon ratio of B24, and it is not clear how a carbon structure would be able to support such a large number of H atoms. More careful consideration of this general point in the future would obviously help, and the increased use of complementary computer simulation using sufficiently accurate methods to model the sorption process could potentially aid this task. 131 Increased collaboration between theoreticians and experimentalists should also therefore be encouraged. Collaboration between different laboratories also offers the possibility of publishing reproducibility studies on hydrogen sorption data when new materials are reported, perhaps including measurements performed using different techniques; for example, both gravimetrically and volumetrically determined uptakes. This would help reduce the likelihood of problems occurring due to errors associated with a single piece of apparatus or a particular measurement methodology. Also, encouraging authors to more thoroughly characterise the hydrogen sorption properties of materials being reported for the first time for hydrogen storage applications could be of considerable benefit. This could involve short term cycling studies, for example, measurement of repeated isotherms at the same temperature, but also isotherms measured at different temperatures, in order to check the temperature dependence of the uptake and to calculate thermodynamic parameters such as the enthalpy and entropy of H 2 sorption. Demonstration of the physical plausibility of such results would help authors show that results are reasonable and repeatable. Both editors and reviewers could help encourage authors to be more rigorous in this respect, and this may ultimately lead to better interlaboratory reproducibilty.
What seems clear, in general, however, is that more experimental interlaboratory reproducibility studies are needed, regardless of the adoption or otherwise of best practice in isolated reports of the hydrogen storage properties of particular materials. The problems that have been revealed both by the documented controversies in the field and the recent interlaboratory studies certainly, in our opinion, warrant further investigation.
It is also worth emphasising that there are a number of straightforward tests that can be performed to check the likely validity of a particular hydrogen sorption measurement. These include the performance of measurements on more than one sample size, to check for sample size dependency, which could indicate problems with the calibration of apparatus or the View Article Online measurement methodology. More than one isotherm can be measured with different dosing steps in each case. In the absence of significant errors, this should result in good repeatability. Varying the equilibration times can also be used to check for issues with the achievement of both thermal and sorption equilibrium at each isotherm point. This is important because different sorption processes can occur over significantly different timescales and it is crucial that equilibrium is achieved at each point. If it is possible to vary the assumed density of the sample in the calculation of the hydrogen uptake, then a realistic range of density values can be used to estimate the magnitude of likely errors due to this issue, which can be a particular problem for materials with very low densities. Degassing times and conditions, for nanoporous materials, or the activation process, in general, can also be varied to assess related problems with this aspect of the measurement methodology. We therefore recommend that such tests are performed for each material before data are published. Any differences between data measured under different conditions should then be addressed prior to publication, and the results reassessed. Although these practical suggestions are specific to hydrogen sorption measurement, and include some that are perhaps rather obvious, it is likely that some of the reasons we mention at the end of the previous section apply more generally in other fields as well. If this is true, it points to problems that are more fundamental than a simple lack of appreciation of the sensitivity of hydrogen sorption measurements to measurement methodology or sample purity. Some of these have been discussed in more detail elsewhere 13, 120, 123, [132] [133] [134] [135] and their solution would require a significant shift in the way that science is currently performed. Further discussion of this is certainly beyond the intended scope of this article; however, we hope that our summary of the problems in hydrogen storage material research will at least provide further evidence that something is perhaps amiss. Before we conclude, it is worth emphasising the cost, in both time and money, of the publication of irreproducible data. This includes the laboratory time spent on attempted replication and the grants that are awarded as a direct consequence of the publication of headline-grabbing, but ultimately irreproducible, results. Financial support for subsequent research, based on such results in our field, has certainly totalled several tens of millions of US Dollars or Euros. Any strategies that can be implemented more generally to reduce this cost would therefore be most welcome.
Conclusions
In this article, we have summarised some of the problems with the irreproducibility of data in hydrogen storage material research that have occurred over the last couple of decades. We have seen that there have been problems with carbon nanotubes and nanofibres, MOFs, and various materials purported to store significant amounts of hydrogen via spillover, amongst others. Many of the problems can be attributed to the sensitivity of hydrogen sorption measurements to measurement error and the purity of samples. Recent interlaboratory studies have shown that even measurements on well understood materials, including both nanoporous materials and hydrides, can be susceptible to a significant amount of error. This perhaps suggests that more, as yet unidentified, irreproducible data is likely to exist in the current literature. We have discussed some of the reasons that we believe are behind the problems and proposed some ways forward for the future. We hope that this article will be of interest to those already working in the field and to newcomers, but also that it will help prevent the occurrence of further problems in the future by raising awareness of past mistakes in the field. In addition, given the increasing amount of attention in the literature with regard to irreproducibility and the replication of data, we also hope it will contribute constructively to the discussion of this issue more generally in other disciplines by highlighting and summarising the problems that have arisen in our own field. Regardless of the precise reasons behind each of the cases documented above, it seems likely that other occurrences of irreproducibility in related fields will share at least some common ground with those found in ours.
